I.. Introduction {#sec1}
================

Dehydration and overhydration entail a deficiency of the fluid and salt balance within an organism due to the loss or excess intake of water. The symptoms are manifested asthirst, discomfort and fatigue (headaches, nausea), and even a mild onset of dehydration of only 2% fluid loss may result in a reduced physical performance of 30% [@ref1]. If left untreated it may cause delirium, unconsciousness and death if the fluid imbalance goes beyond $\documentclass[12pt]{minimal}
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}{}${\pm}{20\%}$\end{document}$ from the normal. Although the loss of water is the predominant condition studied, it is important to remember that an excessive water intake can be as dangerous, especially when associated with an intense physical activity in hot environments. A large intake of water containing no additional electrolytes will decrease the salt (sodium) concentration resulting in physiological malfunctions of cells known as hyponatremia (a condition triggered at 15% overhydration) [@ref2]. The risk of dehydration can occur in both normal and cold environments, especially at high altitudes (thin air) due to the increased perspiration at lower air pressures. Other known factors are a result of infectious diseases that trigger an excess loss of water (diarrhea, vomiting), and the exposure to physical traumas associated with blood loss and hyperthermia. It is therefore important to monitor the hydration level in risk groups in which the detrimental effects of dehydration bear the greatest significance and where an early warning system is essential.

Besides measuring the fluid and salt balance in a clinical setting, the hydration sensor could also be used to detect minor internal bleeding following a surgical procedure, as well as organ failure that can be traced from waste products accumulating in and changing the osmotic pressure of the interstitial fluid. Dehydration is also a signature of dementia \[in elderly at-risk patients\]. In contrast, premature babies are also a risk group since they do not feed well and have a higher body surface to mass ratio that permits dehydration through the skin.

Professionals that could benefit from a hydration sensor would in the first instance be army personnel, pilots and athletes who work or exercise under extreme conditions. During the years of 2000--2004 there were 11 reported heat stroke fatalities among American football players during the month of August (beginning of preseason practices for the colleges) [@ref3]. It was found that the football players experienced an average decrease in body mass due to dehydration of about 1.2% after each training session, and further studies later revealed that an athlete\'s heart rate (HR) increases by approx. 10 beats/min after exercise for every 1% of body mass that is lost [@ref4].

The estimation of the hydration level is currently based on the analysis of body fluids such as saliva flow (viscosity) [@ref5], urine conductivity or color [@ref6] and chromatography [@ref7]. Alternative technology seeks to measure the skin impedance [@ref8], [@ref9] or the thickness of the dermis layer by mechanical (ultrasound) waves [@ref10] or electromagnetic radiation [@ref11]. The total amount of body water could also be measured using tracers such as Deuterium oxide $\documentclass[12pt]{minimal}
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}{}$({\rm D}_{2}{\rm O})$\end{document}$, but has the disadvantage of being invasive (it increases unwanted biochemical reactions that could lead to cell dysfunctions) as well as suffering from a response time of 3--4 hours after oral intake [@ref12]. However, most of these methods require instrumentation of a stationary nature that is confined to a hospital or doctor\'s office, and which comes at a significant cost as well as the need of a professional operator.

The proposed osmotic hydration sensor that is presented in this paper has the potential for miniaturization into an implantable device that can provide real time measurements of the hydration level in the body without disturbing the patient or professional due to its small and unobtrusive nature. This work on the design, fabrication and early validation of the sensor demonstrates that hydration levels can be recorded based on a changing concentration of chiefly salts present in the human body. The different states of hydration have been simulated by using two different solutions: (i) phosphate buffered saline (PBS) and (ii) sodium-chloride (NaCl), both with a variation in water content of $\documentclass[12pt]{minimal}
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}{}${\pm}{20\%}$\end{document}$. This permits the relationship between the salt concentration in each of the test solutions and the corresponding osmotic pressure to be identified.

A core element of an osmotic sensor is the semi-permeable membrane that creates a diffusive barrier between an integrated sensor cavity that contains a reference solution of constant osmotic strength, and the variable osmotic strength of the body fluids. Hence, this article will focus on: •investigation of different semi-permeable membranes with respect to water permeability and salt retention,•integration of the membrane in a hydration sensor,•demonstration of the proof-of-concept by recording extreme states of hydration, and•evaluation of the translational nature of the sensor for implementation in a clinical setting.

The different hydration levels (and the concentration of salts) should be proportional to the osmotic pressure that is generated within the sensor. Although the pressure should follow an ideal linear relationship between the concentration of dissolved molecular and ionic components, the real pressure is dependent on the semi-permeable properties of the membranes such as salt retention and water permeability. This work will permit us to identify the membrane that gives the best sensitivity and shortest response time for the given sensor configuration.

II.. Methods and Materials {#sec2}
==========================

A.. Implementation {#sec2a}
------------------

### 1.. Osmotic Sensor {#sec2a1}

The osmotic sensor consists of two main parts as shown in [Fig. 1](#fig1){ref-type="fig"}. The lid is machined in acetal and contains physical holes that permit solution entry as well as a support structure that holds a 15 mm circular semi-permeable membrane (permeable to water but which selectively blocks dissolved molecules) in place from the inside by an O-ring. The lid is attached to the sensor base by a M14 screw connection and is assembled while immersed in a reference solution of a fixed osmotic strength (subsection A.c) that permits filling the reference chamber. The reference chamber is defined between the membrane, the inner diameter of the O-ring and the top surface of the sensor base. Its volume is measured by the height of the O-ring $\documentclass[12pt]{minimal}
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}{}$({\rm V}_{\rm reference}=1.0\times 10^{-7} {\rm m}^{3})$\end{document}$ when compressed with the sensor lid mounted (approx. 0.5 mm). Fig. 1.CAD image of the osmotic hydration sensor. The sensor consists of a lid, membrane, O-ring, base, pressure transducers (2 pcs) and a pressure release valve. Both the lid and base are threaded (M14) to allow these two parts to connect together. The colors used are for illustration purposes only. The bulk sensor housing has been made from an acetal copolymer.

The sensor base contains one central access channel that permits direct communication between the reference chamber and the pressure transducer (SW415, Sensonor, Norway). This access channel is filled with liquid paraffin that is immiscible with water and serves to reduce the amount of dead volume occupied by the channel. A second pressure transducer mounted back-to-back with the first one cancels the environmental pressure perturbations away from the measurement. The threaded hole mounted offset in the base serves as a pressure release valve that permits bleeding of the reference cavity when the O-ring is compressed during assembly. The external media (the interstitial fluid) is in direct contact with the membrane and any variation in the external salt concentration will prompt water to diffuse through the semi-permeable membrane and thereby increase or decrease the osmotic pressure that is generated in the reference chamber respectively. This osmotic pressure will in turn be directly proportional to the change in the level of hydration of a subject.

The relationship between the salt concentration and the osmotic pressure is expressed by Henry\'s law [(1)](#deqn1){ref-type="disp-formula"} [@ref13]:$$\documentclass[12pt]{minimal}
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}{}$${\rm\Pi\thinspace\thinspace=\thinspace}\sum_{n}{c_{n}RT}\eqno{\hbox{(1)}}$$\end{document}$$ where $\documentclass[12pt]{minimal}
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}{}$\Pi$\end{document}$ represents the osmotic pressure, $\documentclass[12pt]{minimal}
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}{}$\Sigma_{\rm n}{\rm C}_{\rm n}$\end{document}$ is the sum of the concentration of all dissolved ions that are osmotically active $\documentclass[12pt]{minimal}
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}{}$({\rm mol} {\rm L}^{-1})$\end{document}$, R is the universal gas constant (0.08314 L bar $\documentclass[12pt]{minimal}
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}{}${\rm mol}^{-1} {\rm K}^{-1}$\end{document}$) and T is the thermodynamic (absolute) temperature (K).

### 2.. Pressure Transducer {#sec2a2}

The SW415 (Sensonor, Norway) is an absolute pressure transducer that is capable of measuring 2 bar and consists of a membrane and a vacuumed reference chamber packaged into a silicon die with a footprint of 2×2 $\documentclass[12pt]{minimal}
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}{}${\rm mm}^{2}$\end{document}$. The membrane integrates two piezoresistors and two reference resistors arranged in a Wheatstone bridge configuration (bridge resistance of 12 $\documentclass[12pt]{minimal}
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}{}${\rm k}\Omega$\end{document}$). The hydration sensor prototype described in this paper amplifies the output signal from the dual pressure transducer configuration through an instrumentation amplifier made from discrete components and sampled by a multifunction DAQ card (USB-6009, National Instruments, USA). The card is controlled by a LabVIEW routine permitting the user to define the sampling interval and the data acquisition time.

### 3.. Test and Reference Solutions {#sec2a3}

The reference solution reflects the saline concentration of the tissue fluids found in the body and the osmotic pressure it generates depends on the amount of osmotically active molecules (solute) per litre of solution (osmotic strength). The osmolarity is measured in $\documentclass[12pt]{minimal}
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}{}${\rm mOsm} {\rm L}^{-1}$\end{document}$(milliosmoles per litre of solution) while osmolality is measured in $\documentclass[12pt]{minimal}
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}{}${\rm mOsm} {\rm Kg}^{-1}$\end{document}$ (milliosmoles per kilogram of solvent). The normal osmolarity level in a healthy subject ranges from 280 to 300 $\documentclass[12pt]{minimal}
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}{}${\rm mOsm} {\rm L}^{-1}$\end{document}$ [@ref13]. The salts that govern the osmolarity are the most abundant ones in the human body and contain chiefly sodium-chloride (NaCl) which, when dissolved in an aqueous solution, dissociates into two ions: $\documentclass[12pt]{minimal}
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}{}${\rm Cl}^{-}$\end{document}$. Since both ions contribute to the osmotic pressure, a NaClconcentration $\documentclass[12pt]{minimal}
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}{}$(C_{n})$\end{document}$ of 0.14 M results in an osmolarity of $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$[{\rm NaCl}]=2\times 0.14 {\rm Osm} {\rm L}^{-1}=280 {\rm mOsm} {\rm L}^{-1}$\end{document}$. Detecting this salt concentration relies on the Gibbs-Donnan membrane equilibrium [@ref14] where the molecules that are not able to diffuse across a membrane create an osmotic pressure due to the movement of water toward the region with a higher salt concentration (Osmosis). Although a reference solution of NaCl dissolved in deionized (DI) water was initially used to characterize the sensor, this was later replaced with a PBS solution (P5368, Sigma-Aldrich, US) that better reflects the interstitial fluids of the human body as well as maintaining a correct pH of 7.4 throughout the measurement. The solutions were made with an osmotic strength of 220, 280 and 340 $\documentclass[12pt]{minimal}
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}{}${\rm mOsm} {\rm L}^{-1}$\end{document}$ in order to simulate the extreme range of de- and overhydration around the mean value of 280 $\documentclass[12pt]{minimal}
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}{}${\rm mOsm} {\rm L}^{-1}$\end{document}$.

B.. Experimental Tests {#sec2b}
----------------------
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}{}${\pm}{20\%}$\end{document}$ deviation in hydration from the normal value is enough to induce serious illness and death, the dynamic range of the sensor was set to reflect this value (220--340 $\documentclass[12pt]{minimal}
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}{}${\rm mOsm} {\rm L}^{-1}$\end{document}$). Thus, the objective of the experimental work was to investigate the performance of the selected membrane candidates over this range. The membranes should permit the migration of water yet retain salt ions to such an extent that a stable osmotic pressure signature is recorded.

### 1.. Methodology {#sec2b1}

The sensor base containing the pressure transducers was integrated in the bottom of a test vessel containing the reference solution. The lid containing the membrane and O-ring was immersed inside the test vessel and attached to the sensor base---avoiding the entrapment of air bubbles in the process. Any excess pressure was released through the pressure release valve and the signal permitted to reach the equilibrium (zero bar). The sensor was then kept at rest for 5--10 hours in order to investigate potential signals arising from temperature changes in the room while recording the zero pressure baseline. The reference solution enclosed inside the sensor reference cavity was initially identical to the solution resting outside the sensor. Two experimental protocols were conducted for the NaCl and PBS solutions. (i) The sensor was first assembled with a reference solution of 340 $\documentclass[12pt]{minimal}
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}{}${\rm mOsm} {\rm L}^{-1}$\end{document}$ that represents the maximum dehydration state as well as offering a positive osmotic pressure over the dynamic range. By maintaining an overpressure in the reference chamber at any given time, the evolution of gas-bubbles from the reference solution can be prevented. After permitting the signal to reach its equilibrium baseline, the external test solution was then changed to a normal state of hydration $\documentclass[12pt]{minimal}
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}{}$({\rm osmolarity}=280 {\rm mOsm} {\rm L}^{-1})$\end{document}$ before changing to a second solution representing overhydration $\documentclass[12pt]{minimal}
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}{}$({\rm osmolarity}=220 {\rm mOsm} {\rm L}^{-1})$\end{document}$. (ii) The second protocol required the sensor to be assembled in a normal hydrated solution of 280 $\documentclass[12pt]{minimal}
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}{}${\rm mOsm} {\rm L}^{-1}$\end{document}$ to represent a state where the sensor is equilibrated with the body fluids at the normal value prior to a hydration change of $\documentclass[12pt]{minimal}
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}{}${\pm}{20\%}$\end{document}$ (changing to a test solution of 220 and 340 $\documentclass[12pt]{minimal}
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}{}${\rm mOsm} {\rm L}^{-1}$\end{document}$ respectively). This represents a realistic long term scenario in which a "leaky" membrane has equilibrated with the body fluids prior to any change in osmolarity and subsequently osmotic pressure.

The experiments were conducted 3 times to permit statistical analysis of the distribution around the mean. The semipermeable membrane was replaced between each experiment in order to eliminate potential variations due to mishandling, damage or contamination of the membrane. The different membranes that were investigated are presented in [Table I](#table1){ref-type="table"}. The membranes were purchased in a sheet form and treated according to the manufacturer\'s recommendations. The ion exchange membranes had to be hydrated prior to cutting to the correct dimension in order to account for the 5% volume increase in the hydrated state. All measurements were performed at a temperature of 20°C. Table ICommercial Available Membranes Used in This ProjectDescriptionThickness $\documentclass[12pt]{minimal}
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}{}$(\mu {\rm m})$\end{document}$MaterialSupplierFiltration typeClassification**Polyamide**177Polyamide thin filmSterlitech, USRO, Nano- porousComposite**Nafion N115**127PTFE co- polymer in acid (1--1+) formDupont (Ion- Power)Ion- exchangeDense**Nation NR-211**27PTFE co- polymer in acid (HP) formDupont (Ion- Power)Ion- exchangeDense**Teflon**175Pure PTFESterlitech, USGas- permeableDense**ePTFE**130ePTFE (expanded PTFE) membrane laminateGE Energy Seal & Design INC., USGas- permeableDense

C.. Membranes {#sec2c}
-------------

The structural characteristics of semipermeable membranes play an important role in determining the permeability of water, the retention capability of salts and the biocompatible nature of its surface. Nanoporous membranes have been instrumental in the development of separation sciences over the last two decades with focus on the purification and selective filtration of biomolecules [@ref15]. Commercial nanoporous membranes are classified into the field of ultrafiltration, microfiltration, virus filtration (nanofiltration) and reverse osmosis (RO) to reflect the size of the component that the filter retains. Although filtration and separation is commonly achieved by physical exclusion by nanopores of a finite size, alternative methods include charge separation, chemical identification and gas permeability [@ref15]. The membranes used in this study all belong to the group of nanoporous, ion exchange and gas permeable ([Table I](#table1){ref-type="table"}).

### 1.. RO Membranes {#sec2c1}

RO membranes were initially developed in the early 60\'s by Loeb and Sourirajan [@ref16] and have a pore diameter that should retain most solutes (e.g., salt ions), while permitting the passage of water. Most of these have asymmetric pores that narrow down to the diameter that denotes the molecular weight cut off (MWCO). Asymmetric membranes are normally composed of a thin top layer containing the nanopores with a macroporous support that maintains mechanical stability.

### 2.. Ion-Exchange Membranes {#sec2c2}

Ion-exchange membranes can be classified as cation-exchange or anion-exchange depending on the type of ionic groups fixed to the membrane backbone. Cation-exchange membranes present negatively charged groups ($\documentclass[12pt]{minimal}
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}{}${-}{\rm C}_{6}{\rm H}_{4}{\rm O}^{-}$\end{document}$, etc.) allowing the passage of cations and rejecting anions. The opposite can be achieved with anion-exchange membranes containing positively charged groups ($\documentclass[12pt]{minimal}
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}{}${-}{\rm SR}_{2}^{+}$\end{document}$, etc.). Ion-exchange membranes can also be classified as homogenous or heterogeneous according to their chemical structure [@ref17].

### 3.. Gas Separation Membranes {#sec2c3}

Transport through this type of membrane occurs by materials in their gaseous phase governed by Fick\'s first law of diffusion. The flux in the direction of flow is proportional to the transmembrane concentration gradient of the vapor pressure inside or outside the sensor [@ref18].

III.. Results {#sec3}
=============

The response characteristics of the membranes were first investigated by changing the osmotic strength of the test solution by 20% (60 $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
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}{}${\rm mOsm} {\rm L}^{-1}$\end{document}$. The corresponding osmotic pressures generated are presented in [Fig. 2](#fig2){ref-type="fig"}. It is clear that only the Nafion membranes are able to generate an observable pressure signal due to the influx of water. The permeability of the RO polyamide membrane did not permit a recordable signal to be observed over the time frame of the measurement. Neither was the vapour pressure of water high enough to permeate the dense film of the Teflon membrane, or the porous film of the ePTFE membrane. The Nafion N115 and NR-211 membranes were able to generate a maximum pressure of 720 and 890 mbar respectively above ambient. The response times were comparable with a steady signal reached within 7--8 hours corresponding to a time factor of 2.5 hours (63% of full signal). Fig. 2.Absolute osmotic pressure as a function of changing the osmotic strength of the external test solution from 280 to 220 $\documentclass[12pt]{minimal}
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}{}${\rm mOsm} {\rm L}^{-1}$\end{document}$ inside the reference chamber. The sensor was equipped with the Nafion 115, Nafion NR-211, Teflon, Polyamide and the ePTFE membranes. The plots are shifted vertically for clarity. The pressure ticks (y-axis) correspond to 500 mbar.

Hence, the sensor response over the dynamic measurement range was performed with the sensor equipped with the Nafion N115 membrane. Maintaining 280 $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}${\rm mOsm} {\rm L}^{-1}$\end{document}$ in the reference chamber, the osmotic strength of the test solutions was changed by $\documentclass[12pt]{minimal}
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}{}${\rm mOsm} {\rm L}^{-1}$\end{document}$ and the results are presented in [Fig. 3](#fig3){ref-type="fig"}. Since Nafion is permeable to cations $\documentclass[12pt]{minimal}
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Maintaining a solution with an osmotic strength of 340 $\documentclass[12pt]{minimal}
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Despite maintaining a positive overpressure in the sensor, the absolute pressure change of 271 mBar at 280 $\documentclass[12pt]{minimal}
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}{}${\rm mOsm} {\rm L}^{-1}$\end{document}$. However, the linear trend was maintained as compared to the theoretical trend line plotted in the graph. Repeating the measurements without replacing the Nafion membrane resulted in a performance degradation in which the osmotic pressure decreased with time, [Fig. 5](#fig5){ref-type="fig"}. Fig. 5.Repetitive measurements with the sensor equipped with the Nafion N115 membrane for a dehydration scenario in PBS from 340 to 280 $\documentclass[12pt]{minimal}
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Although the experiments were conducted under the same conditions as before the maximum osmotic pressure was found to decrease from 250 mBar in the 1st experiment, to 85 mBar in the 2nd experiment and to 40 mBar in the 3rd experiment. Each experiment took approximately 60 hours and as such this performance degradation was observed over a time frame of 180 hours. Hence, the capability of the membrane to generate a recordable osmotic pressure change in the sensor was estimated to be approximately 180--300 hours.

The performance degradation of the Nafion membranes was examined by investigating the potential for stoichiometric changes in the material composition during its exposure to the physiological PBS solution. Hence, the membranes were subject to energy-dispersive X-ray spectroscopy analysis (EDS) with the results presented in [Fig. 6](#fig6){ref-type="fig"}. The membranes were rinsed with DI water and dehydrated before examination under the scanning electron microscope (SEM, Philips XL30) and with the EDS scan compared with new and unused membranes. Fig. 6.EDS analysis showing the composition of the Nafion N115 membrane before and after immersion in PBS for 60 hours (counts vs KeV).

The EDS results suggest that the composition of the Nafion membrane is modified after exposure to PBS as observed with the clear presence of sodium (Na) and potassium (K) content after exposure. The Na peak indicates a concentration of 6.54 wt% already after 60 hours of exposure to PBS, and the amount of sodium was found to increase with time as shown in [Table II](#table2){ref-type="table"}. Table IINafion N115 Contamination by $\documentclass[12pt]{minimal}
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Although there is a clear increase in the sodium concentration as indicated by the weight percent ratio, there is not a direct linear dependency with time, i.e., one cannot clearly differentiate between the quantity of Na between 140 and 260 hours, suggesting that the membrane becomes saturated.

IV.. Discussion {#sec4}
===============

A.. Membranes for Liquid or Vapour Diffusion {#sec4a}
--------------------------------------------

The experimental results showed that the polyamide RO, Teflon and ePTFE venting membranes were not able to generate an observable change in the osmotic pressure. Although the RO membrane per definition should retain salts, it was found that a glucose sensor equipped with this membrane [@ref19] demonstrated that the retention of particles below the molecular size of glucose (180 Da $\documentclass[12pt]{minimal}
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B.. Ion Exchange Membranes {#sec4b}
--------------------------

The charge selective nature of the ion-exchange membrane blocked the passage of the $\documentclass[12pt]{minimal}
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\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}${\rm Cl}^{-}$\end{document}$ through the membrane raised concerns about the membrane integrity. Upon reaching the maximum pressure (which does not match entirely with the theoretical values calculated with [(1)](#deqn1){ref-type="disp-formula"}), the pressure starts to drop until it finally reaches the baseline. This suggests that the $\documentclass[12pt]{minimal}
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}{}${\rm Cl}^{-}$\end{document}$ ions are able to diffuse through the membrane until an equilibrium is reached according to [Fig. 5](#fig5){ref-type="fig"}. The fact that an equilibrium is reached is not a problem if the membrane is able to provide a new maximum pressure every time there is change in salt concentration due to de- or overhydration. However, after approx. 300 hours in a PBS solution, the membrane is not able to generate any transmembrane pressure gradients. One potential explanation for this observation (as supported by the EDS studies), suggests that the negatively charged ionic groups on the membrane\'s backbone are replaced with positively charged $\documentclass[12pt]{minimal}
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}{}${\rm Cl}^{-}$\end{document}$ free to move across the membrane, the initial concentration difference between the test solution outside and the reference solution inside the sensor (which would have given rise to an osmotic pressure) is now cancelled out.

The concentration of 10 wt% Na in the membrane after 260 hours of exposure is larger than the 0.3 wt% of Na present in the PBS solution (138 mM). Considering a 35% weight increase of the membrane in the hydrated state, the Na concentration still counts for 6.8 wt%. This can be explained by $\documentclass[12pt]{minimal}
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Although the decreased performance of the Nafion membrane can be compensated for by calibration, the finite lifetime will limit practical operation of the sensor to below 300 hours (12 days). One way of preventing or attenuating the sorption of $\documentclass[12pt]{minimal}
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}{}${\rm Na}^{+}$\end{document}$ form are currently not commercially available.

C.. Response Time {#sec4c}
-----------------

Previous studies have shown that a 70 kg athlete who undergoes intensive physical exercise could reach a state of 2% dehydration during the first hour of training [@ref12]. Although this rate may depend on the athlete\'s level of perspiration, it shows that the presented hydration sensor would have a time lag of 7 hours until the full signal change has been reached. However, considering the time factor of 2.5 hours (63% of full signal), one alternative detection scheme would be to measure the rate of change in the osmotic pressure as a function of the change in osmolarityin the body fluids. A complementary software code that combines a certain rate of change with a % change in osmolarity could be used as an early warning regimenof impending hydration/dehydration events.

Replacing the Nafion membrane with a more time responsive version could be another option. The use of a thinner Nafion membrane (NR-211) was thought to improve the response time but the results suggest that this impact was minimal compared to the thicker N115 version. In contrast, a response time of 5 hours was recorded with the thicker version during the contamination studies ([Fig. 5](#fig5){ref-type="fig"}) but this could be due to a promoted leakage of $\documentclass[12pt]{minimal}
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As discussed in [Section IV-B](#sec4b){ref-type="sec"}, a Nafion membrane in the form of a $\documentclass[12pt]{minimal}
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}{}${\rm Cl}^{-}$\end{document}$ leakage and provide the ideal membrane for this sensor. Such a custom made membrane would require a thorough evaluation of the response characteristics.

A further miniaturized sensor such as an integrated MEMS device with shorter diffusion barriers (height of reference chamber and enlarged surface area of the membrane) would further help to improve the response time.

D.. Application-Specific Integrated Circuit (ASIC) {#sec4d}
--------------------------------------------------

The current sensor runs from a direct wired communication link to the DAQ system. However, the planned transition to an ambulatory (wearable) system would prompt the replacement of the discrete components with an application specific integrated circuit (ASIC). The pressure transducer and its reference will be mounted back to back with the electrical connections wire bonded to a common component (chip) carrier that offers a shared platform to the ASIC. The carrier will include SMD (surface mounted) capacitors that form part of a tuned antenna circuit as well as increasing the stability of the regulated inductivecoupled power supply. The carrier will be located in the recess of the sensor \[[Fig. 1](#fig1){ref-type="fig"}\] and a circular coil antenna will be located at the rear of the sensor enclosure to facilitate inductive powering and communication by load modulation [@ref22]. The final ASIC will measure 1×1 mm and be fabricated using the TSMC 90 nm CMOS process. The ASIC will be an improvement of a current prototype that has a power consumption of 76 $\documentclass[12pt]{minimal}
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}{}$\mu{\rm W}$\end{document}$ [@ref13], and a self-rectified inductive coupled supply voltage of approx. 1 V (973 mV to 987 mV). The ASIC incorporates the sensor front end circuitry that provides a supply voltage to the sensors, acquires the sensor signals, and converts the sensor signal into a pulse density modulated signal, which is transmitted wirelessly through the inductive link by load modulation. The offset cancellation and 1/f noise reduction is achieved by the use of a so called chopping and auto-zeroing technique [@ref23]. The new ASIC will offer an improved signal-to-noise ratio (SNR) and reduce its dependency on the unregulated supply. This will also reduce the dependency of the output frequency on the unregulated supply. At this stage, the new ASIC has been designed and submitted for production.

E.. Ex-Vivo Body Use {#sec4e}
--------------------

The sensor could also be implemented in a skin patch or a wrist watch but this involves other challenges such as: induced pressure signals (noise) from skin movement, accumulation of salt on the skin surface/membrane due to evaporating water, skin irritation, impact resistance such as pressure applied to the skin, fluid sampling etc. Designing the sensor as a skin patch, or implementing it in the base of a wrist watch, would require additional pressure sensors in order to differentiate noisy signals due to skin movement or applied skin pressure. However, the most important challenge from a non-invasive sensor configuration would need to be the ability to sample sweat at fixed time intervals in order to record a corresponding osmotic pressure from the salt concentration in the sweat. People sweat at different rates according to their weight, metabolism, age and environmental conditions (temperature, humidity, etc.). One may consider adding an interface based on micro-needles to sample tissue fluids, but this would need to be accommodated with a flow system that is able to continuously supply fresh fluid to the sensor.

F.. Implementation of the Sensor in a Clinical Setting {#sec4f}
------------------------------------------------------

The discovery of measuring the hydration level by means of osmotic pressure has in this paper been demonstrated at the proof-of-concept level through a working prototype. The translational nature of this technology should permit a fast-track implementation of the sensor in a clinical setting. The wireless communication protocol adheres to the ISO Standard 14,443 for proximity or contactless smart card communication and our application provides radiation levels that are well below the limits set by the International Council on Non-Ionizing Radiation Protection (ICNIRP). The sensor will be miniaturized by the aid of micro- and nanofabrication methodologies previously adapted for biomedical microsystems [@ref13], [@ref24] and use materials that offer biocompatible properties [@ref25]--[@ref26][@ref27]. The investigation of the tissue response will adhere to the ISO 10,993 Standard for biological evaluation of medical devices.

In vivo clinical trials will be performed on voluntary groups (army, pilot and athletes) as well as patients with a chronic disease susceptible to electrolyte imbalances. Healthy individuals will act as controls in which the level of hydration is changed by ingestion of salt/water or in combination with physical activities. The state of hydration on trial patients/individuals could be controlled using the methods described by Yeargin et al. [@ref3], and Casa et al. [@ref4], by monitoring the heart rate and weight of the test subjects. The information from the in vivo trials would not only validate the sensor\'s function but also provide useful information about the use of the sensor, and its tradeoffs as an external skin patch or implantable device.

V.. Conclusion {#sec5}
==============

We have shown that the osmotic strength of NaCl and PBS solutions as a function of hydration and dehydration can be recorded by an osmotic sensor equipped with a Nafion membrane. This suggests the potential use of ion-exchange membranes in retaining charged molecular components that are too small for separation by traditional porous RO membranes. The size and power consumption of the sensor components make this technology suitable for miniaturization into an implantable device that will target continuous measurements in vivo. The chemical inertness of the sensor material will aid introduction into a corrosive biological environment, although functional aspects of the interaction with living tissue remain to be explored.

The short lifetimes from cation contamination of the Nafion membrane in the $\documentclass[12pt]{minimal}
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}{}${\rm H}^{+}$\end{document}$ form render the present sensor as more suitable for use in a disposable skin patch. Detecting the rate of change in pressure in contrast to an absolute value may offer a means of alleviating the slow time response of the current prototype. However, alternative types of Nafion membranes (such as co-polymer in $\documentclass[12pt]{minimal}
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}{}${\rm Na}^{+}$\end{document}$ or other cation form) could eventually prove to extend the lifetime of the membrane considerably as well as improving its response time. Miniaturizing the sensor using MEMS technology will further help reduce the diffusion distances governing the response time. A factor that could also contribute to a reduction in the response time is to increase the temperature, since the diffusion coefficient of water increases with the temperature as long as there is a steady-state water transport across the membrane [@ref28]. This is particularly important if one considers an implantable sensor which would operate at the body core temperature of 37°C instead of room temperature.
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